Three consecutive years of field experiments were conducted to investigate how different root-zone temperatures, manipulated by using different mulches, affect the phytoextraction of Ba, Cl, Sn, Pt and Rb in different organs of potato plants (roots, tubers, stems and leaves). Four different plastic covers were used (T1: transparent polyethylene; T2: white polyethylene; T3: white and black coextruded polyethylene, and T4: black polyethylene), using uncovered plants as control (T0). The different treatments had a significant effect on mean root zone temperatures (T0 ¼ 16 C, T1 ¼ 20 C, T2 ¼ 23 C, T3 ¼ 27 C and T4 ¼ 30 C) and induced a significantly different response in Ba, Cl, Sn, Pt and Rb concentration and accumulation. The T3 treatment gave rise to the greatest phytoextraction of Ba, Pt, Cl and Sn in the roots, leaflets and tubers. In terms of the relative distribution of the phytoaccumulated elements (as percentage of the total within the plant), Pt and Ba accumulated mainly in the roots whereas Rb, Sn and Cl accumulated primarily in tubers, establishing a close relationship between the biomass development of each organ and phytoaccumulation capacity of metals in response to temperature in the root zone.
INTRODUCTION
There are several elemental pollutants which are considered to be potential threats to environmental systems (1) , and are currently found in soil and water pollution, provoking serious problems for human health. This pollution could be alleviated with the application of phytoremediation technologies (2, 3) . Recently, the use of plants to extract heavy metals from soil (phytoextraction) has received much attention due to the possibility of decontaminating some currently polluted soils (Phytoremediation), by growing plants in soil containing elevated concentration of pollutants having a large biomass production and thus not dangerously high concentrations of elements in harvestable portion (4) . This is a newly evolving field of science and technology using plants to clean-up polluted soils, waters, or air (5, 6) , and is a particularly important because contaminated soils are often used for vegetable production. A technique that has strongly boosted agricultural output in the last few years is the use of plastic covers over the soil surface which significantly influences the root zone temperatures (7) , depending on the composition of the plastic as well as its efficiency in absorbing light (8, 9) . Rootzone temperature is a key factor in altering ion accumulation (10) . Given that phytoextraction requires plants of high biomass production the objective of this study was to determine how root zone temperatures generated under plastic mulches determines the Ba, Cl, Sn, Pt, and Rb extraction in field grown potato plants in order to evaluate the technique for phytoextraction.
MATERIALS AND METHODS

Crop Design
The experiment was conducted for three consecutive years (1993, 1994 and 1995) in the field (Granada, Spain), using Solanum tuberosum L. var. Spunta, planted at the beginning of March and the crop cycle was about 4 months. The climate was semiarid and the area intensively used for agriculture. The soil used showed the following characteristics: 45.3% silt, 43.2% and clay 11.2%, pH (H 2 O 1 : 2.5) 8.6; electrical conductivity 1. 10 À2 . Plants were spaced 30 cm apart, with 80 cm between rows. The soil temperature was measured at the 15-cm in depth, using probes (107 type) from Campbell Scientific TM. Root zone temperature was measured (6 measurements at 4-h intervals) every 3 days of the crop cycle.
The different treatments consisted of covering the soil surface of each plot with plastic mulches (polyethylene sheets), making a tight seal with the soil: transparent polyethylene (25 mm in thickness, T1), white polyethylene (25 mm in thickness, T2), coextruded black and white polyethylene (50 mm in thickness, T3), and black polyethylene (25 mm in thickness, T4). Finally, no plastic was applied in the control treatment (T0).
The fertilization used was the same as is habitually applied by farmers in the zone. In the month of February in all three years, N (NH 4 NO 3 ) and P and K (K 2 HPO 4 ) were applied (27 g m À2 . Iron was applied as FeEDDHA, B as H 3 BO 3 and the remaining micronutrients as sulphates.
Plant Sampling
The plant material (stems, leaves, roots and tubers) were sampled 6 times every two weeks, throughout the plant development for the three years of experiments. For each sampling, 10 plants were collected from each replicate per treatment. Leaf samples were taken only from plants with fully expanded leaves of the same size. Leaves were picked at about one third of the plant height from the plant apex. Roots, leaves, stems and tubers were rinsed three times in distilled water after decontamination with non-ionic detergent at 1% (11), then blotted on filter paper. Then a sample was dried in a forced air oven at 70 C for 24 h, ground in a wiley mill and then placed in plastic bags for the further analyses.
Plant Analysis
For the assay of total Ba, Sn, Pt and Rb concentrations, oven-dried at 70 C for 24 h and pulverized plant material was digested with concentrated ORDER REPRINTS nitric acid and measures were carried out by using an atomic absorption spectrophotometer equipped with a graphite furnace (12) . Reagent blanks for analysis were also prepared performing the entire extraction procedure but in the absence of the samples. For the soluble Ba, Sn, Pt and Rb determination, dry matter (0.15 g) was extracted with 10 mL 1 M HCl for 30 min and then filtered, and determined using the method indicated above. Reagent blanks for both analysis were also prepared performing the entire extraction procedure but in the absence of the samples. Cl À was determined in an aqueous extract (13) by titration with AgNO 3 according to the procedure of Kolthoff and Kuroda (14) .
Statistical Analysis
All data were subjected to an analysis of variance and the mean of separation according to the Duncan's Multiple Range Test was represented with lowercase letters. Levels of significance for the correlation analysis were represented as follows: ***p<0.001; **p<0.01; *p<0.05; n.s. ¼ non-significant. Table 1 shows the mean values for RZT generated by the different cover treatments applied as well as for the open-air plots. We found that the treatments significantly affected the mean RZT, giving the highest mean at T4 (30 C) , and the lowest in T0 (16 C). Table 1 also presents the results of the biomass (in a dry-weight basis) for the different organs of the potato plants. This parameter was significantly affected by the RZT resulting from the treatments, showing for the roots, leaves and tubers, the highest values were found in T3 (27 C) , and the lowest in T1 (20 C), the latter values being lower than in T0 (16 C) . On the contrary, in the stems, T1 reached the highest dry weight while T3 showed the lowest. Table 2 shows the concentrations of total and soluble Ba. In roots, T4 showed the highest concentrations, and the lowest values were registered in T0 and T1. In tubers, Ba was not detected. For stems, the highest concentration was achieved in T3 and the lowest levels were recorded in T1 and T2. Finally, in leaflets, T3 and T4 leading to highest values of Ba.
RESULTS
With respect to Cl À (Table 3) , in roots and tubers, T2 and T3 gave the highest concentrations, while the T1 values were 16 and 46% lower than control, respectively. In stems and leaflets, T2 reached 15 and 26% higher than those of T0, respectively, while in T1 the concentrations was the lowest. Table 4 shows the concentrations of total Sn. In roots, the highest values were found in T2 and T3 (48 and 53% higher than T0, respectively).
In tubers, the highest concentration was reached in T3 and the lowest values were registered in T0 and T1. In stems, the treatments did not statistically differ from each other. In leaflets the highest concentrations of total Sn were found in T3, exceeding T0 by 59%, while T1 showed an 8% fall with regard to T0. The soluble Sn reached detectable concentration with this technique in leaflets (Table 4) , organs in which the differents treatments did not statistically differ between them. Table 5 presents the effect of root-zone temperatures on Pt concentrations and in the roots the highest value was recorded in T2 (34% higher than T0), and the lowest in T1 (15% lower than T0). In tubers, the concentrations were bellow the resolution of this technique. In stems, the highest concentration was achieved in T3, surpassing T0 value by 49% and in leaflets T3 and T4 reached the highest concentration, exceeding T0 by 42 and 31%, respectively. The soluble Pt (Table 5) , was not detected in roots and tubers (Pt<1 ng g À1 dw), while in stems and leaflets, Pt was at very low concentrations, and did not statistically differ between treatments.
For total Rb, with differents root-zone temperatures (Table 6 ), in roots, only T1 differ statistically from control (25% lower than T0). In tubers, the highest concentrations were achieved in T2 and T3 (63 and 66% higher than T0), where the lowest concentration was registered in stems (53 and 54% lower than T0). Finally, in leaflets, T2 and T3 surpassing T0 by 88 and 92%, respectively. In the different organs analized (roots, tubers, stems and leaflets), the concentrations of soluble Rb (Table 6 ), were very low and did not statistically differ from each other.
76
BAGHOUR ET AL. The accumulation (total amount) of Ba in roots (Table 7) , showed the highest value in T3, and T1 registered the lowest level, falling to 36% lower than T0. In stems and leaflets, the highest accumulation was reahed in T3. Thus, the distribution of total Ba revealed the highest Ba accumulation in the aerial part (72-85%) in comparison to the roots (15-28%). The accumulated soluble Ba, in roots (Table 7) , was highest in T2 and T4. In stems and leaflets the highest accumulation was recorded in T3 and T4. The distribution of soluble Ba, was also higher in the aerial part (leaflets and stems; 75-86%), whereas the root accumulated the lowest values (14-25%). For Cl À phytoaccumulation (Table 8) , T3 induced the highest values in the roots and tubers, surpassing T0 by 47 and 67%, respectively, and T1 induced the lowest values. In stems the accumulated Cl À did not statistically differ between treatment. In the leaflets, T2 and T3 exceeded T0 by 31 and 26%, respectively. The distribution of accumulated Cl À showed the tubers as the organs with greatest phytoextraction (48-76%), and the remaining being distributed between stems (9-31%), leaflets (8-12%) and roots (7-9%). Table 9 presents the effect of different root-zone temperatures on phytoaccumulation of total Sn. In roots and tubers the highest accumulation was reached in T3 and the lowest was recorded in T1. In stems, T1 exceeded T0 by 25%, while the lowest content was given in T3 (18% lower than T0). In relation to leaflets, T3 lead to the highest accumulation of total Sn. Thus, the distribution of Sn in the plant followed the sequence: tubers (21-36%), leaflets (24-30%), roots (20-28%) and stems (8-35%). With respect to soluble Sn (Table 9) , since it was only detected in leaflets, T1 and T4 showed a 40% fall with regard to T0 for both treatments, while the rest of the treatments did not statistically differ from each other.
With respect to the accumulated total Pt (Table 10) , we observed that in roots, T3 reached the highest level (78% higher than T0) and the lowest content was obtained in T1. In stems, the highest accumulation was detected in T1 and T3. In leaflets, T3 exceeded T0 by 62%. In this case we observed that the aerial part accumulated highest levels of Pt (58-81%) decreasing for stems (24-45%) and leaflets (29-45%), while the root parts accumulated between 19 and 42% of the total Pt within the plant. The phytoaccumulation 78 BAGHOUR ET AL. of soluble Pt (Table 10) , did not statistically differ in stems and leaflets, in the different treatments. The accumulation of total Rb, in the roots and tubers was highest in T3 (Table 11) , surpassing T0 by 46 and 120%, respectively. In stems, T2 and T3 showed the lowest values, and in leaflets, T2 and T3 accumulated the greatest values. The tubers accumulated the highest values of total Rb (62-82%), being lowest for roots (14-19%) , leaflets (6-8%) and stems (2-17%).
In tubers the highest accumulation of soluble Rb was achieved in T3 surpassing T0 by 74% (Table 11 ), In roots, stems and leaflets, the treatments did not statistically differ from each other. Considering the accumulated soluble Rb in the different organs of each treatments, as 100%, the accumulation decrease following the sequence: tubers (76-92%), leaflets (4-13%), roots (3-6%), and stems (1-6%). 
a Values followed by the same letter within a column were not significantly different at p<0.05 according to Duncan's Multiple Range Test. b n.d.: not detected; concentrations below 1 ng g À1 dw.
DISCUSSION
The results of the effect of different mulch on root-zone temperatures were similar to those of Ham et al. (8) , who reported that black polyethylene (similar to our T4), absorbs roughly 96% of the short-wave radiation while reflecting very little, and thus absorbed radiation conducted to the underlying soil, warms the soil (15) . The white polyethylene (T2) induced a cooler soil temperature than did black (T4) because the former reflected most wavelengths of solar radiation (16) . Schmidt and Worthington (17) , demonstrated that transparent mulches as T1 do not cause soil warming, presenting mean temperatures of 18-20 C during the crop cycle whereas the white-black coextruded covers generate higher RZT (27 C in our T3). Similarly, Klock et al. (18) , studying tomato plants, reported an increase in total biomass in plants within the root-zone temperature range of [24] [25] [26] [27] C, while outside this range, the dry weight fell. However, the decrease in dry weight in T4 could be due to the high RZT exceeding 29 C with retarded development and lower dry-weight accumulation (19) .
The conditions of root-zone temperatures under the polyethylene covers significantly influences the concentration of the different elements studied. Thus, in T0 and T1 (the treatments with the lowest root-zone temperatures) we found the lowest Ba concentrations in the roots and leaves, while T3 (27 C) and T4 (30 C) registered the highest. For the onion, Deane-Drummond and Glass (20) reported greater Cl À uptake at 15 C than at 25 C, opposite results to our, as the greatest Cl À uptake was registered in T2 (23 C) and T3 (27 C). The T3 treatment was more efficient in the uptake and transport of Sn towards the tubers, while T1 strongly reduced the concentration in all organs except the stems. In relation to Rb, Kuppelwieser and Feller (21) suggested that the Rb accumulated in the aerial part depending on temperature as determining of its transport in the xylem. In addition, the Rb is easily transported in the phloem in a way similar to K transport (22) , as both are highly mobile within the plant. In our experiment, we found higher Rb concentrations in the root zone than in the aerial part, with high levels both in the roots and tubers in T2 (23 C), T3 (27 C) and T4 (30 C). Via the phloem, the mobility of Rb encouraged accumulation primarily in the sinks (23) , and in these while in the potato the highest Rb concentrations were found in the roots.
The Pt was also visibly influenced by root temperatures, with the highest concentrations at 27 C (T3) in the roots and leaves. In relation to the concentration levels of these elements in the potato organs, we could conclude that the inappreciable levels of Ba and Pt in the tubers may be due to their low transport via the phloem, in addition to low uptake (24) . The Pt, for example, accumulates in the roots with the lowest transport towards the aerial part (25) . However, the Cl À showed high mobility within the phloem, where it circulates as a free ion and does not precipitate or form stable complexes with the substances of the phloem (26), a situation that could give rise to high concentrations in the tubers. Finally, Sn is known to be easily taken up and to accumulate in the roots, whereas it is transported in low quantities to the aerial part (25) . In our experiment, the high Sn concentrations in the tubers were due possibly to the high transport of this element.
With respect to the capacity of phytoaccumulation of the different elements studied here, root-zone temperatures had a direct impact, since the imposed thermal conditions significantly affected the dry mass development of the different organs, and thus, in turn influenced phytoextraction. This is in agreement with previous results (27) , suggesting that us the elemental accumulation in organs with greater biomass (3) , and this advantage is suitable phytoextraction and phytoaccumulation of micronutrients and toxic elements. Meagher (28) emphasized that the hyperaccumulation of elements implies their uptake and transport to storage sinks. Our results showed greater accumulation of Cl, Sn, Rb, Pt and Ba in the roots and tubers, and somewhat less in the leaves, in all cases in T3 (the treatment with the highest biomass in a dry weight basis), whereas the minimum was recorded in T1 (with low dry weights). This agrees with previous works, in which the heaviest accumulation occurs in organs with high biomass production, as found with Cl À , Sn and Rb in the tubers (27, 29, 30) . In terms of phytotoxicity, Ba is physiologically inactive in the plant under normal circumstances, but its soluble salts are very toxic for animals and humans (25) . Plants enriched in Ba are normally not toxic for grazing because the concentration is not usually sufficiently high -that is, concentrations are considered moderately toxic at 200 mg kg À1 dw and toxic at 500 mg kg À1 and higher. With respect to Sn, there is no evidence of Sn toxicity for plants, unless the concentrations are high. According to Pais and Jones (25) , the Pt concentrations in plants vary between 12 and 56 mg À1 dw, with 0.05 mg kg À1 dw being the reference level in some plants. These authors indicate also that the Rb content in higher plants can vary between 0.5 and 70 mg kg À1 dw and in our plants the Rb concentrations fluctuated between 19 and 23 mg kg À1 dw, and thus toxic concentrations did not accumulate.
In relation to hyperaccumulation, Salt and Kra¨mer (6) proposed that a plant is a hyperaccumulator when the ratio (metal concentration in the shoot) : (metal concentration in the roots) >1 (31) . From this concept, we find that for Ba as well as Cl, Sn and Pt, the ratio exceeded 1, implying that our plants have the capacity for hyperaccumulation, while for Rb the ratio was <1.
Therefore, the mulch technique applied with extractor plant species favours phytoextraction and also the concentrations in the edible part of the plant (tubers in our case) did not reach toxic levels for humans. Nevertheless, the use of technique and the plants in phytoremediation excludes their use as food, prompting consideration of the importance of developing crops for human consumption in polluted zones.
